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Abstract
Building insulation materials have been subjected to various temperature and humidity conditions and
their thermal performance during several weeks of controlled environmental exposure has been observed.
Several commercially available insulating materials (three aerogel composite blankets, two extruded poly-
styrene foams (XPS) and one blown polyurethane foam (PUR) on plywood ) were evaluated. Thermal
conductivity (reciprocal of resistivity) was measured with a heat flow metering apparatus at one week in-
tervals for five weeks. Insulations were exposed to conditions of 65.6 ◦C and 90% RH, 65.6 ◦C and 60% RH,
65.6 ◦C and 30% RH, and 32.2 ◦C and 90% RH. Results indicate that humidity levels play a significant role
in the performance of PUR on plywood, leading to loss in thermal resistivity up to about 10%. But humidity
did not play a significant role in XPS performance, which increased slightly in resistivity during tests. The
three aerogel composites were observed to have various levels of degradation of thermal properties, losing
about 5% of resistivity during the most extreme environmental conditions. Degradation in the aerogel com-
posites was found to be caused by one or multiple of the following: infusion of humid air into the aerogel,
sorption of moisture by fibers, chemical degradation of fibers and geometric distortion of the composite.
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Chapter 1
Introduction
Building technology has advanced tremendously alongside engineering capabilities. No longer do building
require an excess of material to ensure structural integrity. More advanced materials, and greater under-
standing of engineering principles has allowed for the construction of safe structures with much less material
than formerly used. One side effect to this is the reduced thermal capacity of structures and an increased
need for careful building envelope design to control heat flow in and out of the buildings. Additionally,
modern technology has allowed physical comfort to become more of a priority, leading to more demand for
climate control in homes and commercial buildings. Due in part to this, energy consumption has climbed
over several decades. More recently, however, concern for mitigating energy consumption has heightened.
Globally, there is a push toward energy conservation, and with this push, research has strengthened. The
purpose of the current work is to evaluate potential for advanced thermal insulations to contribute toward
reduced energy demands in buildings.
Commercial and residential buildings are a large source of energy consumption. In 2012, an estimated
18.9 quadrillion Btu (19.9x1015 kJ) were consumed in the residential and commercial sectors of the United
States, representing about 1/5 of energy used [1]. Climate control is a major portion of this consumption.
Data from 2009 suggests that 48% of home energy use was for heating and cooling [2], and 2003 data shows
that 44% of energy used in commercial buildings was used for heating and cooling [3]. By using a combination
of thermal insulation and air infiltration control, this energy burden can be significantly reduced.
The choice of insulating material used can have a great effect on the energy efficiency of a building in
both cooling and heating situations. Many insulating materials have been developed and modified to work
with advancing structural designs and changing standards of practice. Some examples of the various types of
insulation materials that have been commonly used in building applications include: loose fill materials (e.g.
sawdust, cellulose, fiberglass), battings (e.g. fiberglass) and rigid foams (e.g. polystyrene, polyisocyanurate,
polyurethane). The best choice of insulation is determined by several factors. Location and orientation
of the insulation, the type of climate the structure is in, difficulty to install and cost all have an effect on
the choice of insulation used. One particularly important factor is the ability of the insulating material to
retain its thermal properties over the lifetime of the structure. This work addresses degradation of thermal
performance of multiple types of insulating materials. Multiple aerogel composite and rigid foam insulations
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were subjected to elevated temperature and humidity conditions and their changes in apparent thermal
conductivity were measured. Their degradation mechanisms are evaluated and discussed.
2
Chapter 2
Background
2.1 Building envelope
One of the most important functions of buildings is to provide a suitable climate for the intended
occupants. Whether it is to be occupied by people, machines, inventory, etc., or some combination of
occupants, the basic setup is the same. The structure contains a climate-controlled space, separated from
the external elements by a building envelope, with heating, cooling, and ventilation systems to control the
climate. In order for these systems to efficiently maintain the desired conditions, the building envelope must
be carefully designed and constructed, including weather, air and thermal barriers. For natural climates
with extreme conditions, the thermal barrier plays a key role in maintaining desired indoor conditions,
and materials with the lowest thermal conductivity make the best thermal barriers. Although insulating
materials often play roles in the weather and air barriers also, the primary factor in choosing insulation is
its conductivity.
2.2 Heat transfer in insulation
2.2.1 Conduction
Thermal conductivity is, by definition, a measure of the amount of heat a material allows to flow through
it by conduction heat transfer; however, its reported measured values often include effects of convection and
thermal radiation as well, especially for inhomogeneous materials. The measurements are made based on
Fourier’s law of heat conduction:
q = −kdT
dx
(2.1)
This states that the rate of heat transfer per unit area (heat flux), q, is proportional to the temperature
gradient, dT/dx, in the direction of the heat flow. The thermal conductivity, k, is the proportionality
constant and the negative sign indicates the appropriate direction of flow. With a steady heat flow in one
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dimension through a homogeneous material, the differential equation (2.1) can be solved to yield
q = k
∆T
d
, (2.2)
where ∆T is the temperature difference across the material and d is the thickness of the material [4, 5].
Conduction takes place in solids, liquids and gases. In thermal insulation, materials with low thermal
conductivity are chosen, in order to better block heat transfer. Gases have lower conductivities than solids
or liquids, so many insulations involve small volume fractions of solid materials and large volume fractions
of gas (e.g. air).
2.2.2 Convection
If conduction was the lone mode of heat transfer, then clearly the best for of insulation would be to fill
large voids with low conductivity gases. But, due to the motion of gas molecules, convective heat transfer
also plays a significant role in thermal insulation. Gas particles in contact with a heat source take part in
a conductive transfer of heat, and then advect away, because of buoyancy or other forces, from the original
location until the next collision where further conduction takes place. The solution to this is to break up
the volume of gas into a large number of small voids. When the length scale of these voids reaches a small
enough value, the contribution of convection to the overall heat transfer becomes negligible [6–8].
2.2.3 Radiation
Thermal radiation is a the heat transferred through electrodynamic waves. The amount of radiative
heat from a body is proportional to the fourth power of the surface’s absolute temperature, as given by the
Stefan-Boltzmann law for gray bodies [4, 5],
q = σT 4 (2.3)
for emissivity, , and Stefan-Boltzmann constant, σ = 5.67x10−8. The emissivity is an indication of how
opaque to thermal radiation the material is. Although equation (2.3) neglects temperature and spectral
variation of emissivity, it still provides a good approximation for many types of surfaces. Hence, whereas
both conduction and convection are driven by a difference in temperature, radiation is driven by a difference of
the fourth power of (absolute) temperature. This means that for low temperature differences radiation can be
comparable to the other modes of heat transfer, but at higher temperature differences it becomes much more
dominant. Thermal insulation in building envelopes typically don’t see very extreme temperatures, however,
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as will be discussed in Appendix A, radiative heat transfer still plays a significant role. The method of
obtaining calculation for the radiative contribution to apparent thermal conductivity in insulating materials
will also be discussed.
2.2.4 Apparent conductivity
Thermal insulation is designed to block the flow of heat from one region to another; heat transports
through a combination of conduction, convection and radiation. Thus the measurement of pure conduction
is difficult and as a result, measured thermal conductivities of insulating materials encompass all modes of
heat transfer in an “apparent” thermal conductivity. When discussing thermal performance of insulating
materials, apparent conductivity is implied.
Common practice is to use an electric circuit analogy when modeling thermal behavior. These thermal
circuits lead to an analogous thermal resistance [4], R, defined by
R =
d
kA
(2.4)
for the the same thickness and conductivity, and the cross-sectional area, A, that is perpendicular to the
direction of heat flow. When A is taken to be the unit area, this quantity is called R-value, which is a
common measure used in industry. Further, an R-value per inch can be determined by dividing the R-value
by the material’s thickness (in inches), d. This is effectively the reciprocal of conductivity and could also be
called thermal resistivity. Common units in the U.S. are (ft2 · ◦F · hr)/(Btu · in.), and K ·m/W in SI.
2.3 Materials
2.3.1 Foams
Foams are common insulating materials; they contain many small voids (or cells) that restrict convective
heat transfer and are light weight. They can be rigid or flexible, closed or open celled, and can be extruded,
blown or expanded [9]. Both types of foams considered in this study are closed cell and rigid foams. Closed
cell foams have an advantage over open cell foams because they have the ability to trap gases, called blowing
agents, within the cells. When a low-conductivity gas is chosen, the insulating performance is significantly
enhanced.
Several issues arise, however, with the use of blowing agents. All gases will escape over time, but some
will escape too quickly to provide effective insulation. Also, formerly common types of blowing agents have
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been found to be severely detrimental to the environment (e.g. CFC’s). Legislation and regulations phased
out the use of such blowing agents [10, 11]. Some subsequent formulations of blowing agents have also been
deemed harmful and are also being phased out. The current challenge is to find the right type of blowing
agent that will provide desired thermal performance, that will have a minimal environmental impact and
that will work well with the foam material.
Polystyrene
Extruded polystyrene (XPS) is a closed cell foam; the cells are filled with a blowing agent that has
thermal conductivity lower than air to improve its thermal properties. It is rigid and can provide some
structural support. Frequently, XPS is used as part of an exterior wall panel [12]. The polystyrene itself
is hydrophobic and thus is not prone to the sorption of moisture that an exterior wall might see [13]. The
choice of blowing agent has the greatest affect on thermal performance; different blowing agents used to
form foams with identical geometries can have totally different thermal properties. Additionally, long-term
performance can vary greatly between blowing agents [14]. Two versions of XPS foam were included in the
study, with nominal thicknesses of 2” (50.8 mm) and 2 1/8” (54.0 mm). One version uses a trans-1,3,3,3-
Tetrafluoroprop-1-ene blowing agent [15]. The other uses a combination of 1-Chloro-1,1-difluoroethane and
1,1,1,2-Tetrafluoroethane [16].
Polyurethane
Spray polyurethane is blown into place as an expanding multi-component mixture. Like XPS, the closed
cells are filled with a blowing agent to improve thermal properties. It can be applied to a variety of surfaces
and is typically applied to the interior cavities of an unfinished wall or ceiling. Odd shaped cavities are
easy to fill, so fewer insulation gaps result. Due to its adherence to the structure, it can provide additional
structural support and an improved air barrier [17]. Polyurethane is susceptible to sorption of moisture, so
appropriate moisture barriers are crucial in the effective use of PUR as a insulating material. One version of
PUR foam was included in the study, which uses 1,1,1,3,3-Pentafluoropropane as a blowing agent [18]. Due
to physical limitations of the foam (see Section 3.3), it was decided to perform tests with the foam applied
to panels of 3/4” (19 mm) thick plywood. The nominal thickness of applied foam is 1” (24.5 mm).
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2.3.2 Aerogel composite
Aerogel
An aerogel is an extremely low density open cell material with cells on the nano scale. It is made from
various types of gels where the fluid is removed leaving behind only a solid structure. The nano-porous
nature of these structures leads to very interesting properties. The majority of the bulk material is empty
space which makes it very transparent. And due to the small pore size and the tortuous nature of the
structure, it is an excellent thermal insulator. The density (and thus porosity, conductivity, etc.) is largely
determined by the exact process of making the aerogel. It has interesting mechanical properties as well.
Although aerogels can withstand compressive forces orders of magnitude greater than their weight, they are
also very brittle and fracture at the slightest shear loading [19]
Aerogels were first developed by S.S. Kistler and Charles Learned in the early 1930s [20]. The drive behind
their study was to better understand the structure of jellies [21]. Because it was possible to replace the liquid
part of jellies with very different liquids, Kistler reasoned that the get structure must be independent of the
liquid that it is bathed in, and thus attempted to remove the liquid altogether. Up to that point several
attempts had been made to remove the liquid portion of the jellies through evaporation, but the shrinkage
that occurred during such a process was great enough to alter the remaining structure [22]. Kistlers discovery
was the process by which the liquid of a jelly is replaced with gas in such a way that little or no shrinkage
occurs.
He realized that in order to produce an aerogel, the liquid must be replaced by gas in a way that never
permits the liquid to recede within the gel. If the liquid is allowed to recede within the structure of the gel,
the effects of surface tension crush the gel structure to a point of equilibrium of forces, which is usually about
10% of the original volume [23]. In order to avoid this, Kistler employed supercritical drying techniques. The
liquid used to form the gels was replaced with a fluid miscible with the first (to avoid a liquid-liquid interface
that may crush the gel similar to the liquid-gas interface), which does not dissolve the gel, and which has a
suitably low critical temperature. In many cases intermediate liquids were used and multiple substitutions
made. The gel was then placed in a chamber (autoclave in this case) where it was heated above the critical
temperature of the liquid under pressure greater than the vapor pressure. Once the critical temperature was
passed, and thus the liquid converted directly into gas, the gas was then vented to leave behind the coherent
aerogel of unchanged volume.
Kistlers original method of making silica aerogel began with a combination of equal volumes of sodium
silicate and hydrochloric acid. This was then washed with water, and subsequently transferred to a bath
of alcohol. The process up to this point took several days and was the most time consuming part of the
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process. In attempt to shorten production time, new methods of gel formation were developed by various
researchers. Teichner and one of his students [24] developed a method using tetramethoxysilane (TMOS)
mixed with water and an acid or base catalyst. Other researchers at used tetraethoxysilane (TEOS) in a
similar way [25], with longer, but still improved, process times. Both of these methods have become common
methods for synthesizing aerogels.
Although many different varieties of aerogels can be made, the most common is silica aerogel. Without
additional modification, silica aerogel is prone to the adsorption of water, which causes collapse of the
structure. However, modification of the gel prior to supercitical drying process with trimethylsilyl (TMS)
results in a hydrophobic silica aerogel [26]. This practice is very common in silica aerogel production,
especially in the application as thermal insulation.
Aerogel composites
In order to be of practical use as a thermal insulator, aerogels are combined with other materials to
improve strength and toughness, while retaining aerogels desirable properties. Aerogel composites typically
involve molding a gel around a supporting structure (e.g. lofty fibrous batting, xonotlite-type calcium
silicate [8]) followed by the drying process. The aerogel and supporting structure can also be combined after
formation of the aerogels.
Three versions of aerogel composite blankets are studied here, consisting of various combinations of
polyethylene terephthalate (PET), fibrous glass, and/or other polyolefin and silica aerogel. Two methods for
making aerogel blankets are typically used. The first is begun by creating a sol (precursor to the gel) within
the voids of the fibrous batting material in a mold. The gel is formed, and at this stage dopants, additives
and treatments can be applied (e.g., trimethylsilylation for hydrophobicity). The formation is subsequently
dried forming the aerogel around the supporting material [27]. The other method nests previously formed
aerogel particles in a web of bicomponent fibers. The bicomponent fibers are such that part of the fiber
melts at a low enough temperature to bond the fibers to each other and to the aerogel particles [28]. Two of
the aerogel blankets in this study are made with the former process, and are referred to as AA and AB; the
remaining blanket is made with the latter process and is referred to as AC. The aerogel of all three blankets
are hydrophobic, being made from trimethylsilylated silica gel [29–31].
Aerogel blanket AA is composed of trimethylsilylated silica aerogel that is doped with calcium silicate
during the gel stage, PET fibers and glass fibers. It’s nominal thickness is 10 mm (0.394 in). Aerogel blanket
AB is similar in composition to AA, but without the calcium silicate dopant. It also has a nominal thickness
of 10 mm (0.394 in), and is more dense that AA. As mentioned, the aerogel in both AA and AB are formed
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in a mold around the fibers. Aerogel blanket AC consists of trimethylsilylated silica aerogel particles that
are nested inside a mesh of bicomponent fibers. Multiple layers created with this process are combined
together. They have a PET core, with a sheath of some copolyolefin. The fibers are designed so the outer
layer melts at a point sufficiently below the melting point of PET (or silica) such that the fibers can be fused
to the aerogel particles and to each other by heating just above the outer layers melting point. The nominal
thickness for AC is 6 mm (0.236 in). It has the lowest density of the three blankets.
Table 2.1: Summary of insulating materials that were tested
Label Type of insulation Other components
Mfg. 
Process
XPA Polystyrene foam trans-1,3,3,3-Tetrafluoroprop-1-ene blowing agent Extruded
XPB Polystyrene foam 1-Chloro-1,1-difluoroethane and 1,1,1,2-Tetrafluoroethane blowing agent Extruded
PUR Polyurethane foam
1,1,1,3,3-Pentafluoropropane blowing agent, plywood 
substrate Sprayed
AA Aerogel composite Calcium Silicate dopant, glass and PET fibers Molded
AB Aerogel composite Glass and PET fibers Molded
AC Aerogel composite
Bicomponent fibers with PET core and copolyolefin 
sheath
Nested 
and fused
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Chapter 3
Experimental Methods
3.1 Material preparation
Samples of three versions of aerogel blanket insulations (labeled AA, AB, and AC), two types of extruded
polystyrene foam (labeled XPA and XPB), and one type of closed cell spray polyurethane foam were prepared
for aging simulation experiments. Samples tested were square, measuring 30 inches (76 cm) along each width
(for best fit in equipment), and thicknesses were as commercially available. In some cases, a sample consisted
of two pieces totaling 30 inches, square. Samples were stored in laboratory conditions prior to the beginning
of testing. All insulating materials tested are commercially available.
PUR XPA XPB
AA AB AC
Figure 3.1: Materials tested
3.2 Measurements
Prior to exposure in an environmental chamber, initial measurements were taken for baseline comparison.
A Laser Comp FOX801 heat flow meter apparatus (HFMA) with associated WinTherm32 software was
used to find thickness, apparent thermal conductivity and heat flux. LaserComp indicates conductivity
10
measurement accuracy of 1%. Mass was measured on a digital scale with an accuracy of ±0.2g, which is
about 0.7% of the mass of the lightest material in this study. A set of measurements consisted of: mass
before and after HFMA, and measurements of apparent thermal conductivity, heat flux, sample thickness
in the HFMA. Additionally, the ambient temperature and relative humidity and times of day were recorded
for each set of measurements. The initial measurements were repeated three times and the average was used
as the baseline.
Heat flow meter apparatuses are comparative testing devices. They use a secondary method of measure-
ment, comparing thermal properties of a known specimen to the test specimen. Thus appropriate calibration
of the HFMA is very important. The heat flow meter apparatus was provided with stored calibrations from
the manufacturer. These calibration files were obtained using NIST 1450b Standard Reference Material over
a range of mean temperatures within which our test mean temperature falls. Based on the calibration the
heat flow meters on the upper and lower plates measure the heat flux through the sample. Upon completion
of a test, the software calculates values of thermal conductivity, ktest, with the following formula [32]:
ktest = Scal(T )Q
∆xtest
∆T
(3.1)
where Scal(T ) is the temperature dependent calibration factor of the heat flow transducer,Q is the signal of
the transducer, ∆xtest is the sample thickness, and ∆T is the temperature difference, Thot − Tcold. All tests
in this study were run with a mean temperature of Tm = 30.5
◦C, Tcold = 18 ◦C , and Thot = 43 ◦C .
Measurement of moisture content was implicitly estimated by comparing mass measurements to the
pre-environmental chamber mass of the same sample. Mass was measured upon removal from the chamber
and upon completion of thermal measurements in the HFMA. Moisture content was taken as the difference
between the baseline mass and the average of the mass upon removal from and the mass prior to placement
back in the environmental chamber.
3.3 Environmental conditions
Each type of insulation was subjected to tests at multiple environmental conditions. For each environ-
mental condition and each type of insulation, at least three samples were evaluated, except where noted.
Aerogels were exposed at 65.6 ◦C and 90% RH, 65.6 ◦C and 30% RH and 32.2 ◦C and 90% RH. Polyurethane
foams were exposed at 65.6 ◦C and 90% RH, 65.6 ◦C and 30% RH and an individual sample at 65.6 ◦C and
60% RH. One Sample of each type of polystyrene foam was exposed at 65.6 ◦C and 90% RH, and one of each
at 65.6 ◦C and 60% RH. Samples were placed in the chamber at time 0 and removed at one week intervals
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to take measurements. Samples were kept in the environmental chamber through five weeks.
After baseline measurements were taken, samples were then placed in a Cincinnati Subzero1 ZP32 envi-
ronmental chamber, where conditions were held constant for several weeks (±0.5 ◦C and ±3%RH). Samples
were removed at weekly intervals during the testing period to collect and record measurements, and were
replaced in the environmental chamber after measurements were taken. Typical measurements required the
sample to be removed from the chamber for 2-3 hours. Plots of averaged results presented herein contain
error bars representing 90% confidence intervals based on Students t-test. Data sets are offset slightly along
the horizontal axis (time) to allow error bars to be distinguished between data sets, however the data sets
contain data at corresponding time points.
3.4 Additional preparation for PUR
Early tests at the high temperatures of the closed cell spray polyurethane foam resulted in samples
warped too badly to conduct measurements in the HFMA. To prevent warping, a nominal thickness of 1”
(24.5 mm) of foam was sprayed onto 30 in. x 30 in. (76 cm x 76 cm) sections of 3/4” (19 mm) thick plywood.
Blank pieces of plywood were also subjected to the same environmental conditions as part of an attempt to
subtract the thermal effects of the plywood from the combined plywood and foam samples.
The plywood itself is affected by moisture, which contributes to the overall degradation of the PUR and
plywood combination. In order to distinguish between the effects of PUR and plywood, blank samples of
plywood were exposed and measured at the same conditions and time intervals. Treating this as a thermal
circuit model with the two components in series [4], the plywood effects can be mathematically removed
using the relationship
ρf = ∆T (
1
qc
− 1
qw
)/df =
1
kf
(3.2)
Here ρf is the thermal resistivity of the foam (R-value per in), ∆T is the temperature difference across the
HFMA plates, qc is the heat flux through the PUR/plywood composite, qw is the heat flux through plywood
alone, df is the thickness of the foam and kf is the thermal conductivity of the foam. To verify the validity
of this approach, measurements were taken on a sample of combined PUR and plywood (post-environmental
chamber) followed by the separation and individual measurements of the two components. The thermal
resistivity for the foam obtained from equation (3.2) is compared with results from physically removing the
foam from the plywood in Table 3.1. Further comparisons were made using calculations with four other
samples of blank plywood, resulting in an average calculated resistivity of 4.13(ft2 · ◦F · hr)/(Btu · in.)
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(0.596K ·m/W ), with a standard deviation of .09(ft2 · ◦F · hr)/(Btu · in.) (0.013K ·m/W ). This approach
appears to give good results for R values of PUR; however, due to much greater variation in the mass
of the plywood samples, the amount of individual moisture content cannot be mathematically estimated.
Considering these results, data presented herein will represent samples of combined PUR and plywood, but
it is noted that all of the resistivity values of PUR itself are calculated to be approximately 40% higher than
the combined PUR and plywood values.
Table 3.1: Comparison of calculated vs. actual removal of plywood thermal effects from PUR/plywood
composite
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3.5 Additional procedures
Some Fourier transform infrared (FTIR) spectrometry was performed on the aerogel blankets. Small
(1cm x 2cm) samples of each type of blanket were subjected to 65.6 ◦C and 90%RH and 65.6 ◦C and 30%RH
conditions. In each environmental condition, for each blanket type, one sample was taken out at one week and
analyzed, then another sample was taken out at five weeks and analyzed, with a Jasco FT/IR 4100. These
were later compared with baseline (no exposure) samples. Aerogel composites were also observed under
scanning electron microscope. Samples were prepared and aged in the same manner as the FTIR samples
for 65.6 ◦C and 90%RH conditions. To help determine the permanence of conditioning, some samples were
measured again after the samples had been placed back in laboratory conditions for several weeks.
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Chapter 4
Results
4.1 Physical changes
No significant physical changes were apparent in the aerogel and polystyrene materials, while poly-
urethane experienced major physical changes. In all three environmental conditions the samples became
discolored, changing from light yellow to dark yellow during exposure (with mild discoloration also occurred
during storage). Some volume expansion occurred, particularly in the lateral direction (see Figure 4.1),
being more extreme during the higher humidity conditions. Blistering occurred in the 65.6 ◦C and 90% RH
conditions, as shown in Figure 4.2. Expansion and blistering typically occurred within the first week of
exposure. Some samples expanded enough that the material needed to be trimmed to fit in the HFMA for
measurements. In those cases, the mass of the trimmed material was measured and taken into account. The
sample shown in Figure 4.2b was so extreme that no conductivity measurements could be taken beyond the
baseline values. It is noted that samples that were stored (in a laboratory environment) for longer periods
of time prior to exposure in the environmental chamber were more prone to blistering and expansion.
(a) (b) (c)
Figure 4.1: PUR composite samples exposed at (a) 65.6 ◦C and 30% RH on the left, no exposure on the
right, (b) 65.6 ◦C and 60%RH and (c) 65.6 ◦C and 90% RH
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(a) (b)
Figure 4.2: Typical blistering shown on edges of a PUR sample, (b) Severe blistering shown on top of a PUR
sample
4.2 Thermal properties
4.2.1 Polystyrene
Both types of XPS experienced ≤1% change in conductivity by the end of five weeks of exposure at
65.6 ◦C and 90% RH, which is insignificant compared to the uncertainty of the HFMA. At 65.6 ◦C and 60%
RH conditions, both types of XPS again experienced little change in conductivity (see Figure 4.3). At the
end of five weeks, XPA had a 2% decrease in conductivity and XPB had a 0.6% decrease in conductivity.
Behavior of conductivity of the XPB samples was similar in both conditions, while the conductivity of the
XPA samples differed significantly between conditions. Only the XPA sample conditioned at 65.6 ◦C and
90% RH was observed to have changed significantly. Since very little change occurred during the more
extreme conditions, and due to limited space in the environmental chamber, it was decided not to perform
further testing of XPS at the milder environmental conditions.
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Figure 4.3: Conductivity and mass change in both XPS types at 65.6 ◦C and (a) 90%RH, (b) 60%RH
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4.2.2 Polyurethane
All PUR samples were received at the same time and stored until baseline measurements were individually
taken prior to aging tests. Figure 4.4 shows the measured baselines at the indicated number of days from
first receiving the samples. The figure also includes the aged data of two of these samples, one at 65.6 ◦C and
90%RH and the other at 65.6 ◦C and 30%RH. Both samples were then placed back in ambient conditions for
several months and measured again. The high humidity sample showed some amount of resistivity recovery,
while the low humidity sample continued to degrade, although at a slower rate than in the environmental
chamber. It is interesting to note that the low humidity sample initially increased slightly in resistivity during
exposure, and then proceeded to degrade. On the other hand, the high humidity sample initially decreased
significantly in resistivity during exposure, while recovering somewhat after removal from the environmental
chamber.
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Figure 4.4: Change in baseline conditions of PUR composites over time, compared to selected aged samples
At 65.6 ◦C and 90% RH, the PUR samples consistently degrade in thermal performance. By the end of
five weeks of exposure, the samples have reduced in resistivity by greater than 10%, on average. Samples aged
at 65.6 ◦C and 30% RH initially increased in resistivity during the first week, then decreased the remaining
four weeks. After one week, the samples increased by an average of 5%, while the final resistivity values
averaged approximately 3% above baseline, at the end of five weeks (see Figure 4.5). Similar behavior was
observed in the sample that was conditioned at 65.6 ◦C and 60% RH. The resistivity initially increased by
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Figure 4.5: Resistivity and % change in resistivity of PUR
2.6% after one week, but decreased to 1.4% below the baseline after five weeks (see Figure C.4).
4.2.3 Aerogel Composites
Aerogel blanket AA behaved distinctly differently at 65.6 ◦C and 90% RH than at the other two condi-
tions. The samples consistently degraded throughout five weeks, ending near 4% below baseline. At 65.6 ◦C
and 30% RH the behavior varied significantly. Half of the samples increased in resistivity by approximately
2% and half of the samples decreased in resistivity by approximately 2%. Samples conditioned at 32.2 ◦C
and 90% RH ranged from negligible changes to about 2% loss in resistivity over the five weeks of conditioning
(see Figure 4.6).
Similar to blanket AA, aerogel blanket AB was observed to have the most significant changes at 65.6 ◦C
and 90% RH,; however, there was a much greater variance, ranging from about 1% losses to nearly 13%
losses in resistivity over five weeks. The samples conditioned at 32.2 ◦C and 90% RH also showed significant
degradation; these samples showed less variation and decreased in resistivity by an average of about 4%. At
65.6 ◦C and 30% RH, samples did not appear to significantly degrade in resistivity (see Figure 4.7).
Aerogel blanket AC was observed to have significant degradation at all three environmental conditions.
Samples conditioned at 32.2 ◦C and 90% RH saw the least amount of degradation, averaging about 1.5% loss
in resistivity after five weeks. Conditioning at 65.6 ◦C and 30% RH resulted in loss in resistivity of about
3.5%, while conditioning at 65.6 ◦C and 90% RH resulted in loss of about 4.5%. Samples at both 65.6 ◦C
conditions saw significant degradation after one week and remained nearly constant for the next four weeks.
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Figure 4.6: Resistivity and % change in resistivity of AA
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Figure 4.7: Resistivity and % change in resistivity of AB
Samples at 32.2 ◦C and 90% RH saw significant change after one week, but changes varied between gain and
loss during the next four weeks (see Figure 4.8).
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Figure 4.8: Resistivity and % change in resistivity of AC
4.3 Moisture Content
As was mentioned in section 3.2, the moisture content for the samples tested was measured as a percent
change from the baseline mass measurements. This method assumes that any changes in mass of the materials
are due strictly to the adsorption or absorption of water. For the aerogel blankets, this is a good assumption
because there are no trapped gases and they contain types of materials that can absorb moisture. There
is no other mechanism by which significant mass change would occur in these aerogel blankets. But for
the foams, with closed cells containing trapped blowing agents, a diffusion exchange of gases can contribute
significantly to mass change. The PUR and plywood composite, however, is typically dominated by the
water absorption of the plywood, so any change in mass due to the exchange of gases will be negligible.
4.3.1 Polystyrene mass change
Both XPS samples showed small decreases in mass during the exposure time (see Figure 4.3). For both
environmental conditions XPA showed similar changes in mass, about a 5% loss. The XPB sample had a
1.4% loss in mass at 65.6 ◦C and 90% RH, and a 0.5% loss in mass at 65.6 ◦C and 60% RH.
4.3.2 Polyurethane and plywood mass change
The polyurethane and plywood composite gained mass significantly at 65.6 ◦C and 90% RH. After one
week, samples increased by about 8.5% and then further to about 10.5% through five weeks. After one week
at 65.6 ◦C and 30% RH, the samples decreased in mass by about 1.5%, and remained nearly constant for the
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remaining time. The sample that was aged at 65.6 ◦C and 60% RH showed a slight increase in mass, about
5%, and followed a similar pattern to the 65.6 ◦C and 90% RH samples, which can be seen by comparing
figures C.27 and C.28.
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Figure 4.9: PUR mass change over time
4.3.3 Aerogel composites mass change
In aerogel blanket AA, the resulting mass loss after five weeks was about the same (about 2%) for
conditioning at both 65.6 ◦C and 30% RH and 32.2 ◦C and 90% RH. However, the samples conditioned at
65.6 ◦C and 30% RH appear to change more rapidly initially (one week) and then gradually for the remaining
time, while the samples conditioned at 32.2 ◦C and 90% RH decrease at a more consistent rate the entire
time. The latter appears to have a linear relationship with exposure time. At the 65.6 ◦C and 90% conditions
the samples gained a small amount of mass initially, average of about 0.25%, and remaining nearly constant
the remaining time.
At 65.6 ◦C and 90% RH, aerogel blanket AB typically increases in mass by about 2%, but, some of the
samples experience slight decreases in mass of about 0.5%. On average, the samples increased by about 1.5%
after one week and remained there until a slight decrease between four and five weeks to bring the percent
increase in mass down to 1%. At 32.2 ◦C and 90% RH, the samples were observed to have a similar increase
in mass, although with no samples showing any loss in mass, and no decrease between four and five weeks.
Mass increased by about 1.5% after one week and remained through five weeks. Samples exposed at 65.6 ◦C
and 30% RH all lost mass. The average results show an initial loss of about 1.5% after one week, followed
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Figure 4.10: AA mass change over time
by slight decrease to almost 2% below baseline at five weeks.
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Figure 4.11: AB mass change over time
At 65.6 ◦C and 90% RH, aerogel blanket AC saw decreases up to about 1% in most cases. One sample
of AC increased in mass by 2.5%, but it is suspected to be a result of condensation from the environmental
chamber dripping onto the sample and not a result of typical sorption of water. Average mass loss with and
without the suspect sample (AC 5) is compared in Figure 4.12. The samples tested at 65.6 ◦C and 30% RH
experienced an average loss of about 1%, and the samples tested at 32.2 ◦C and 90% RH experienced an
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average loss of about 0.5%, by the end of five weeks. Overall, neglecting the previously mentioned sample,
AC samples lost mass in all environmental conditions tested, between about 0.5% and 1%.
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Figure 4.12: AC mass change over time (a) with outlier and (b) without outlier
4.4 Additional Procedures
4.4.1 Scanning electron micrographs
As described in section 3.5, SEM micrographs were taken of all three aerogel blankets. Comparison is
made between samples aged at 65.6 ◦C and 90% RH, at one and five weeks. These are also compared to
baseline samples (see figures B.1, B.2 and B.3).
Both aerogel blankets AA and AB have similar appearance. Several exterior fibers can be seen with small
pieces of aerogel among the fibers. Through the fibers, into the bulk of the blanket, larger pieces of aerogel
(almost monoliths) can be seen that encompass the internal fibers. Some cracks and voids are visible, but
the larger pieces are held intact, close together. No distinguishable difference is apparent in either AA or
AB between non-aged samples and samples aged for one and five weeks.
The micrographs of aerogel blanket AC show the difference between these and the other two blankets,
due to the difference in manufacturing process. In addition, a distinct difference is recognized between aged
and non-aged samples. In the baseline sample, the fibers can be seen with several aerogel particles seen
nested within the volume of fibers. In both of the aged samples, there are no longer particles visible within
the volume, only a few particles nested in the exterior fibers. This change appears to occur during the
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first week of exposure and remain during the remaining time. Additionally, a comparison of the samples
side-by-side, shown in Figure 4.13, illustrates the change in thickness that occurs during exposure.
Figure 4.13: Comparison of AC samples before exposure at 65.5 ◦C (left) with 1 and 5 weeks of exposure
(middle and right, respectively)
4.4.2 Fourier transform infrared spectroscopy
The FTIR analyses that were performed help to understand the levels of moisture in the aerogel blankets.
Figures in Appendix B show the transmittance spectra of the aerogel blankets subjected to the different
environmental conditions described in section 3.5. It is noted that variation between samples is significant,
and thus only a qualitative comparison can be made between spectra. For all three blankets, the transmission
peaks due to O-H bending in the range of 3800 cm−1 to 3500 cm−1 indicate there is free water and/or
hydroxyl group in the baseline spectrum. In some of the samples, the rich structure of those peaks fades
after exposure to 65.6 ◦C and 30%RH (see Figure 4.14). This appears to happen for AC mostly after one
week and for AA after five weeks. For AB, most of the structure appears to fade after one week, but some
reappears at five weeks. Similar behavior also can be seen at 65.6 ◦C and 90%RH conditions (see Figure
4.15). The AC samples show the peaks fading somewhat after one week, but by five weeks they are mostly
gone. This time the AA samples show the structure mostly gone by one week. For AB, a moderate amount
of structure remains even through five weeks.
In the range of wavenumber from 1800 cm( − 1) to 1300 cm( − 1), Figure 4.18 shows this range for
aerogel blanket AC. A significant difference is observed between the baseline and the aged samples for both
environmental conditions. For aerogel blanket AB (Figure 4.17) there is no discernible difference between
baseline and aged samples in either of the environmental conditions. And for AA, the same range of
wavenumber shows a significant change for the samples aged at 65.6 ◦C and 90% RH, similar to the AC
samples. At 65.6 ◦C and 30% RH, there is not a clear difference from baseline to aged samples. The spectra
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Figure 4.14: Detail of FTIR overlays of all three aerogel blankets at 65.6 ◦C and 30% RH showing changes
in free moisture
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Figure 4.15: Detail of FTIR overlays of all three aerogel blankets at 65.6 ◦C and 90% RH showing changes
in free moisture
in this range point toward some sort of chemical change for AC at both conditions, AA at 65.6 ◦C and 90%
RH and possibly at 30% RH, and no apparent changes for AB.
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Figure 4.16: Detail of FTIR overlays of AA at both 90% RH and 30% RH at 65.6 ◦C
1300150017001900
R e
l a
t i v
e  
  %
  T
r a
n s
m
i t t
a n
c e
Wavenumber (cm‐1)
Baseline
Week 1
Week 5
65.6°C/30%RH
65.6°C/90%RH
Figure 4.17: Detail of FTIR overlays of AB at both 90% RH and 30% RH at 65.6 ◦C
4.4.3 Extended HFMA measurements
A small selection of samples of all three aerogel blankets and the PUR and plywood composite were
measured again after several weeks back in laboratory storage. Figure 4.19 shows the results for samples
that were aged at 65.5 ◦C and 90% RH. The additional measurements were taken two weeks after removal
from the environmental chamber. Figure 4.20 shows similar results for samples aged at 65.6 ◦C and 30% RH,
with additional measurements taken at two and seven weeks after removal from the environmental chamber.
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Figure 4.18: Detail of FTIR overlays of AC at both 90% RH and 30% RH at 65.6 ◦C
The samples aged at 65.6 ◦C and 90% RH (two AA samples, one AB sample and three AC samples) were
all observed to have a slight recovery in resistivity during the two weeks post-test, except for one of the AC
samples, which showed a significant decrease in resistivity. All three of the AC samples increased slightly in
mass during the two weeks, still remaining below the baseline mass. The other three samples all decreased
significantly in mass, moving from near or at the baseline mass to significantly below.
For the samples aged at 65.6 ◦C and 30% RH (one PUR sample, one AA sample, one AB sample and
one AC sample), all continued to decrease in resistivity during the first two weeks post-test, even those that
showed initial increases in resistivity. During the next five weeks of post-test, all except of the AC sample
continued to decrease in resistivity. The AC sample increased in resistivity to a value close to its first week
of aging. The mass increased in all samples during the first two weeks of post-test, though remaining below
the baseline values. By the end of seven weeks post-test the PUR and AB samples had further increased in
mass, while AA and AC samples decreased slightly from the two week post-test point. Again, all samples
remained below their respective baseline mass values.
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Figure 4.19: Measurements of selected samples aged at 65.6 ◦C and 90% RH, after return to ambient condi-
tions (dashed segments)
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Figure 4.20: Measurements of selected samples aged at 65.6 ◦C and 30% RH, after return to ambient condi-
tions (dashed segments)
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4.5 Moisture and resistivity relationship
Figure 4.21 illustrates the general trend of the effect of moisture on the thermal conductivity of all
three aerogel composites and the PUR foam on plywood after one week of exposure. AA, AB and PUR
samples show that an increase in moisture effects, in general, an increase in conductivity. With further
aging, however, that relationship between conductivity and moisture content is obscured. Figure 4.22 shows
a similar plot, but after five weeks of exposure (four weeks for PUR). Compared to the one week data, the
samples have increased significantly in conductivity with only small changes is moisture content. Aerogel
blanket AC shows no clear relationship between moisture and conductivity at either one or five weeks,
although a comparable change in conductivity still occurs.
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Figure 4.21: Conductivity vs. moisture content for aerogels and PUR after one week of exposure, with
corresponding linear trend lines. General trend of conductivity depending on moisture is apparent for all
except AC.
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Figure 4.22: Conductivity vs. moisture content for aerogels and PUR after five weeks of exposure (four for
PUR), with corresponding linear trend lines.
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Chapter 5
Discussion and Conclusions
5.1 Cause of degradation
5.1.1 Aerogel composites
The way that degradation occurred was different for each of the three aerogel blankets examined. Moisture
sorption, physical deformation, chemical change and humidity contribute in various combinations to the
degradation of these insulating materials. Degradation in aerogel blanket AC was more complicated than
than the other two, and will be discussed first.
Aerogel blanket AC
As noted in chapter 4, all of the samples of aerogel blanket AC lost mass (with one exception) and
decreased in resistivity, regardless of the environmental conditions they were subjected to. The SEM images
show a significant change in the physical structure of the blanket, which clearly expands in loft. This type
of expansion was typical of all of the AC samples. Results from FTIR indicate the initial presence of a
hydroxyl group, similar to AA and AB, that disappears after one week and some sort of chemical change
that takes place during exposure.
Since this material showed expansion behavior different from the other blankets, further attention was
given to the thermal measurements. It was discovered that, different from the other materials, the loss in
resistivity (i.e., increase in conductivity) did not correspond to an increase in heat flux. In fact, the heat
flux decreased in each of the samples. The relationship given in (2.2) indicates that a change in conductivity
is proportional to a change in heat flux, when the temperature difference and thickness are held constant.
Conversely, if the conductivity and temperature difference are held constant, then the heat flux and thickness
change inverse-proportionally.
The other two aerogel blankets typically saw corresponding changes in heat flux and conductivity. The
AC samples, because the material expanded, saw changes in heat flux due to a combination of changes in
thickness and conductivity. The physical structure of the composite was altered, and thus the conductivity,
a material property, was affected. Were the thickness to increase while the thermal conductivity remained
constant, the heat flux would decrease inversely proportional to the thickness. However, the conductivity
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Figure 5.1: Comparison between conductivity, thickness and heat flux of individual samples of AC
was altered and thus the decrease in heat flux was of lesser magnitude than with a change in thickness alone.
Without consideration to the conductivity changing in individual components, the altered geometry
of the physical structure gives rise to an increase in apparent conductivity of the composite. The total
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volume of the blanket is increased and the additional volume is necessarily occupied by additional air. This
is accomplished by existing voids increasing in size and some new voids forming. With a higher volume
fraction of air, the apparent conductivity will be greater since air has greater conductivity than the aerogel.
If the voids become large enough, convective heat transfer through the air will also play a role.
In addition to the change in apparent conductivity from geometric deformation, the individual compo-
nents also likely experience changes in conductivity. The interstitial air becomes more or less humid which
will increase or decrease the gaseous conductivity contribution. As evidenced by the FTIR results, the fibers
also experience a change. This is most likely a result of the hydrolysis of the polymer fibers. Polyethylene
terephthalate is known to be hygroscopic [33], as are other polymers. The fibers absorb moisture from the
air and the additional heat aids in the chemical breakdown of the material [34]. This will contribute to the
change in conductivity of the fibers, and thus the apparent conductivity of the entire composite.
This is not expected to be the the main driving force behind the material’s expansion, though. Different
from the other two aerogel blankets, the AC blankets contain bicomponent fibers; they have a core of PET,
with a sheath of thermoplastic copolyolefin. It is known that this type of fiber configuration results in
geometrical alteration when subjected to a change in temperature [35]. This effect is due to the difference
in constants of thermal expansion between the core and sheath materials. When the materials experience a
change in temperature, the inner part of the fibers expands or contracts a different amount than the outer
part of the fiber, thus causing a deformation. In this case the deformation leads to an increase in loft of
the fibers. This would typically be a reversible deformation; however, the fused bonds between fibers and
aerogel are likely broken, especially at temperatures closer to the melting point of the sheath material.
Aerogel blanket AA
Aerogel blanket AA did not experience such significant changes in thickness during exposure as with AC,
but individual components should still experience similar types of degradation as those in AC. Approximately
half of the fibers are PET, and may experience some hydrolysis. Due to the nature of the manufacturing
process, however, many of the fibers are encompassed by aerogel that is hydrophobic. Thus most of the
fibers will not be exposed enough to be subjected to absorption and subsequent hydrolysis. The humidity
of the air will also play a role in conductivity changes. Since the aerogel is molded in place (rather than
nested) around the fibers, fewer voids beyond the micro-scale exist in the aerogel. Zeng, Hunt and Greif
have detailed the transport of gas in silica aerogel and shown that it will take significantly longer for air
to diffuse through aerogel than through a corresponding open space [36]. This leads to the more gradual
degradation of thermal performance that is seen in AA. The transport of more or less humid air through the
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aerogel will cause the blanket’s conductivity to increase or decrease over time (typically a decrease is seen).
As the results in Chapter 4 show, these mechanisms result in greater degradation at higher humidity levels
and higher temperatures, while possibly causing improved thermal performance in dry conditions.
Aerogel blanket AB
It is expected that the same mechanisms that are involved in the degradation of AA are also involved in
the degradation of aerogel blanket AB. It is clear from the results that AB tends to retain more moisture
than AA. It is unclear why this occurs, but as a result, more significant degradation occurs for AB at 32.2 ◦C
and 90% RH than for AA. The amount of degradation is similar to the degradation that occurs at 65.6 ◦C
and 90% RH for AB. One reason for this difference in moisture content may be a difference in components.
Aerogel blanket AA has calcium silicate added to the silica gel prior to drying, whereas aerogel blanket AB
does not.
The FTIR analysis also show little evidence of chemical change occurring in AB. This may be due to
it’s greater density. The fibers are even more densely surrounded by aerogel to keep them unexposed to
the conditions. It is possible that more moisture remained due to the lack of chemical interaction and that
the adverse effect of remaining water on the blanket’s conductivity is greater than the degradation due to
chemical change seen in AA and AC.
5.1.2 Polystyrene
It is clear that exposure to elevated heat and humidity during the time-frame seen in this study does
not have a great impact on polystyrene foam insulations. The temperature range of these tests is clearly
within the physical limits of polystyrene. Additionally, polystyrene is hydrophobic and thus is not affected
by the presence of moisture. Change in mass must then be a result of some other mechanism; it is a loss in
the gaseous conductivity due to an exchange of gases in and out of the foam cells [37]. It may be that the
heat serves as a driving force to remove blowing agent gases from foam cells, but as discussed by Bomberg
and Kumaran[10], this may not be much different from ambient conditions over long times. The results in
Chapter 4 support this conclusion for these XPS foams. Thin-slice methods of aging serve to better predict
the loss of blowing agent [38], and thus the performance of polystyrene foams, over time. Although these
experiments are ill-suited for accelerated aging of polystyrene foams, it still serves as a useful comparison
against novel insulating materials, such as aerogel composites. The conditions at which the samples were
aged are not beyond what could be physically realizable in application, and thus the performance of the
polystyrene can be directly compared to the aerogel blankets in real-time observation at such conditions.
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5.1.3 Polyurethane and plywood composite
Results of PUR composite samples after one week of exposure show a strong relationship between moisture
content and conductivity. When a large amount of moisture is sorbed, a distinct decrease in resistivity occurs.
When a significant decrease in moisture content is observed, a distinct increase in resistivity occurs. This
behavior is expected, since the addition of moisture provides another low-resistance path through which heat
can flow. However, when only small change in moisture content is observed, the behavior is not so clear.
The sample aged at 65.6 ◦C and 60% RH indicates an initial, small increase in mass at the same time as
an initial increase in resistivity. Such behavior is opposite to what would be expected. But with such small
change in mass, the assumption that changes in mass due to exchange of gases are negligible is no longer
valid. The change in moisture content is small and the effect of diffusion of different density gases could be
a significant portion of the observed change in mass. Thus the corresponding effects on thermal properties
will also be comparable in magnitude.
Beyond the first week of aging, the change in mass of all the PUR samples is much smaller. Samples
that initially increased in mass continue to increase and samples that initially decreased in mass continue to
decrease, but at a much smaller rate. At the same time, all samples decrease in resistivity, regardless of the
initial behavior. The rate of decrease in resistivity during this time appears to increase with humidity level,
which suggests that this secondary decrease in resistivity is due to the infusion of humid air. With more
moisture present in the air, a more thermally conductive path is available and a more significant decrease
in resistivity is seen.
It is suggested that the difference in behavior between the first week and the remaining time is due to the
difference in time scale between the sorption of moisture into the plywood and the diffusion of gases into and
out of the foam cells. During the first week an equilibrium level of moisture content in the plywood is reached,
or nearly reached. The exchange from lower to higher conductivity gases in the foam cells takes much longer
and becomes the dominating mechanism for change during the rest of aging.Depending on factors like cell
size and structure, material thickness, blowing agent and environmental conditions, the degradation due to
the exchange of gases can take on the order of years to decades [38].
There is some evidence that a chemical change in the polyurethane structure occurs during aging. The
color change that takes place and the volume expansion that occurs are possible indications that a chemical
reaction occurs. Without further information, however, it is unclear to what extent such changes may occur
and what effect they may have on the thermal performance of the composite.
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5.2 Conclusion
Multiple types of thermal insulation have been subjected to elevated heat and humidity environmental
conditions and their degradation mechanisms evaluated. Extruded polystyrene foams proved to be very
stable over the duration of the tests. The main degradation mechanism for these is the diffusion of gases
in and out of the foam cells. Composite polyurethane foam with plywood was observed to have significant
degradation. This was driven by both the sorption of moisture in the plywood as well as exchanges of gas
similar to XPS foams. The aerogel blankets experienced significant degradation, less in magnitude than the
PUR and plywood composite. Degradation was determined to be from a combination of moisture sorption,
increase in gaseous conductivity, chemical degradation and/or geometric deformation. Results indicated that
aerogel blanket AB degraded due to moisture sorption and infusion of humid air. The degradation of aerogel
blanket AA was due to the infusion of humid air, some sorption of moisture and some chemical degradation.
Finally, the degradation of aerogel blanket AC was due to infusion of humid air, chemical degradation and
geometric distortion from thermal expansion effects.
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Appendix A
Theoretical Modeling
Several studies have presented thermal models of foam insulation and aerogel composite insulation ma-
terials. Multiple modes of heat transfer are accounted for, including solid conduction, gaseous conduction
and radiation. Convection is not included in the models because the cell size of the foams [6], and the pore
size of the aerogels [7] are small enough to inhibit any significant contribution of convection to the overall
heat transfer.
Work by Kuhn et al, Marrucho et al, Biedermann et al, and Vo present thermal models for foams [39–
41, 37]. These models focus on the gaseous conductivity and model its contribution with the Wassiljewa
mixing rule for gas mixtures. The solid conductivity from the cell struts and walls is also important, though
it is treated as constant during degradation. This contribution can be calculated with a variety of geometric
representations of the foam cell structure, and is dependent upon solid conductivity of the polymer and the
fraction of polymer in the foam [41]. Finally, the radiative component can be calculated using the Rosseland
diffusion approximation [39, 41].
Somewhat similar methods can be applied to the thermal modeling of aerogels composites. Zhao et al
[7] used a numerical model to determine the effective thermal conductivity of fiber loaded silica aerogel for
different temperatures, densities and fiber geometry, amount and orientation. Both Xie et al [42] and Wei
et al [8] give complete models to calculate overall conductivities of their composites, giving consideration
to both solid conduction and radiation. Xie’s modeling is for aerogels doped with opacifier particles and
fibers; Wei’s modeling is for xonotlite-aerogel composite materials. The methods used in these models can
be modified to provide predictive models for the degradation of aerogel composites.
Much like the foam models, the Rosseland diffusion approximation can be used to determine the con-
tribution of radiation to the apparent conductivity of the materials. For a material that is optically thick,
having optical thickness τ  1, the Rosseland approximation can be used to calculate the component of
thermal conductivity due to radiation [8, 42–44]:
kr = (16nσT
3)/(3σR) (A.1)
Here, n is the refraction index, σ is the Stefan-Boltzman constant (5.67x10− 8W/(m2 ·K4), T is the mean
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absolute temperature and σR is the Rosseland extinction coefficient. For comparable aerogel and fiber
composite, Xie calculated this value to be about 5600 m−1 at a temperature of 300 K [42]. Accordingly, the
radiation contribution will be approximately 1.5mW/(m ·K), which is about 7.5% of the measured effective
thermal conductivities of this study.
The solid conductivity contribution, similar to the foams, is dependent on the solid conductivity of bulk
silica, and the geometry of the aerogel’s nanostructure, namely the porosity and specific surface area. Both
porosity and specific surface area can be calculated from the density of aerogel and density of bulk silica
[8, 42]. Gaseous conductivity depends on the mixture of gas (in this case treated as a combination of dry air
and water vapor). Equations for calculating the thermal conductivity of air and water vapor as a function
of temperature are available [45]. Because the pore size in an aerogel is on the order of mean free path for
gases, these thermal conductivities must be adjusted according to [36]:
kg
kg0
=
lm
lm0
Π, (A.2)
where kg is the gaseous conductivity in aerogel, kg0 is the gaseous conductivity in free space, Π is the aerogel
porosity, lm0 is the free space mean free path, and the aerogel mean free path, lm, is given by
lm = (l
−1
m0 + Sρ/Π)
−1 (A.3)
for specific surface area, S, and aerogel density, ρ. The ratio given in equation (A.2) is estimated to be
approximately 0.4 for the aerogels in the insulating blankets. The solid and gaseous conductivities can be
combined using various geometric models, such as an intersecting sphere model [8] or a Sierpenski sponge
fractal-intersecting sphere model [42], to calculate an apparent thermal conductivity for the aerogel.
At this point the aerogel is treated like a homogeneous material. The solid conductivities of the compos-
ite’s fibers are accounted for by the use of mixing models. Dopants can also be including in this way. The
Maxwell model serves well for dopants, as they are sparse and can be treated as spheres [46]. The result can
be treated as one phase and then combined with the fibers [42], where the Hamilton model is suitable [46].
Added with the contribution from radiation, the result will give a calculation for the apparent thermal
conductivity of the composite. Degradation can be modeled by varying the amount of humidity in the air
conductivity calculations, by adding water as another phase in the mixing models, and by varying the fiber
conductivity (if a relationship is known) to simulate chemical degradation.
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Appendix B
SEM micrographs and FTIR spectra
(a) (b)
(c)
Figure B.1: SEM micrographs of AA aged at 65.6 ◦C and 90%RH for (a) 0 time, (b) 1 week, (c) 5 weeks
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(a) (b)
(c)
Figure B.2: SEM micrographs of AB aged at 65.6 ◦C and 90%RH for (a) 0 time, (b) 1 week, (c) 5 weeks
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(a) (b)
(c)
Figure B.3: SEM micrographs of AC aged at 65.6 ◦C and 90%RH for (a) 0 time, (b) 1 week, (c) 5 weeks
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Figure B.4: FTIR spectra of AA at 65.6 ◦C and 90%RH
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Figure B.5: FTIR spectra of AA at 65.6 ◦C and 30%RH
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Figure B.6: FTIR spectra of AB at 65.6 ◦C and 90%RH
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Figure B.7: FTIR spectra of AB at 65.6 ◦C and 30%RH
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Figure B.8: FTIR spectra of AC at 65.6 ◦C and 90%RH
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Figure B.9: FTIR spectra of AC at 65.6 ◦C and 30%RH
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Appendix C
Individual Samples
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Figure C.1: R value XPS samples tested at 65.6 ◦C and 90%RH
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Figure C.2: R value XPS samples tested at 65.6 ◦C and 30%RH
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Figure C.3: R value for individual PUR samples tested at 65.6 ◦C and 90%RH
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Figure C.4: R value for PUR tested at 65.6 ◦C and 60%RH
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Figure C.5: R value for individual PUR samples tested at 65.6 ◦C and 30%RH
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Figure C.6: R value for individual AA samples tested at 65.6 ◦C and 90%RH
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Figure C.7: R value for individual AA samples tested at 65.6 ◦C and 30%RH
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Figure C.8: R value for individual AA samples tested at 32.2 ◦C and 90%RH
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Figure C.9: R value for individual AB samples tested at 65.6 ◦C and 90%RH
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Figure C.10: R value for individual AB samples tested at 65.6 ◦C and 30%RH
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Figure C.11: R value for individual AB samples tested at 32.2 ◦C and 90%RH
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Figure C.12: R value for individual AC samples tested at 65.6 ◦C and 90%RH
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Figure C.13: R value for individual AC samples tested at 65.6 ◦C and 30%RH
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Figure C.14: R value for individual AC samples tested at 32.2 ◦C and 90%RH
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Figure C.15: Percent change in R value for individual PUR samples tested at 65.6 ◦C and 90%RH
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Figure C.16: Percent change in R value for individual PUR tested at 65.6 ◦C and 60%RH
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Figure C.17: Percent change in R value for individual PUR samples tested at 65.6 ◦C and 30%RH
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Figure C.18: Percent change in R value for individual AA samples tested at 65.6 ◦C and 90%RH
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Figure C.19: Percent change in R value for individual AA samples tested at 65.6 ◦C and 30%RH
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Figure C.20: Percent change in R value for individual AA samples tested at 32.2 ◦C and 90%RH
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Figure C.21: Percent change in R value for individual AB samples tested at 65.6 ◦C and 90%RH
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Figure C.22: Percent change in R value for individual AB samples tested at 65.6 ◦C and 30%RH
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Figure C.23: Percent change in R value for individual AB samples tested at 32.2 ◦C and 90%RH
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Figure C.24: Percent change in R value for individual AC samples tested at 65.6 ◦C and 90%RH
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Figure C.25: Percent change in R value for individual AC samples tested at 65.6 ◦C and 30%RH
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Figure C.26: Percent change in R value for individual AC samples tested at 32.2 ◦C and 90%RH
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Figure C.27: Percent change in mass for individual PUR samples tested at 65.6 ◦C and 90%RH
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Figure C.28: Percent change in mass for individual PUR samples tested at 65.6 ◦C and 60%RH
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Figure C.29: Percent change in mass for individual PUR samples tested at 65.6 ◦C and 30%RH
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Figure C.30: Percent change in mass for individual AA samples tested at 65.6 ◦C and 90%RH
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Figure C.31: Percent change in mass for individual AA samples tested at 65.6 ◦C and 30%RH
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Figure C.32: Percent change in mass for individual AA samples tested at 32.2 ◦C and 90%RH
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Figure C.33: Percent change in mass for individual AB samples tested at 65.6 ◦C and 90%RH
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Figure C.34: Percent change in mass for individual AB samples tested at 65.6 ◦C and 30%RH
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Figure C.35: Percent change in mass for individual AB samples tested at 32.2 ◦C and 90%RH
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Figure C.36: Percent change in mass for individual AC samples tested at 65.6 ◦C and 90%RH
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Figure C.37: Percent change in mass for individual AC samples tested at 65.6 ◦C and 30%RH
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Figure C.38: Percent change in mass for individual AC samples tested at 32.2 ◦C and 90%RH
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